In support of the initiatives for implementing the new Mechanistic-Empirical Pavement Design Guide (MEPDG) in Iowa, a preliminary sensitivity study was undertaken to assess the comparative effect of design input parameters pertaining to material properties, traffic and climate on performance of two existing flexible pavements in Iowa with relatively thick Asphalt Concrete (AC) layers. A total of 20 individual inputs were evaluated by studying the effect of each input on five different performance measures (longitudinal cracking, alligator cracking, transverse cracking, rutting, and roughness) for each pavement structure resulting in about 200 simulations using the MEPDG software. The results showed that the predicted longitudinal cracking and total rutting were influenced by most input parameters. Alligator cracking, transverse cracking, and roughness remained insensitive to most input parameters. Future research will focus on comparing the predicted measures against the recorded pavement distresses in the Iowa DOTs Pavement Management Information System (PMIS) database. 
Introduction
In the newly released Mechanistic-Empirical Pavement Design Guide (MEPDG) in the USA, an iterative design approach is used beginning with the selection of initial trial designs based on past agency experience or on general design catalogs. The trial sections (including details such as traffic, pavement geometry, material and climatic information) are analyzed by accumulating incremental damage over the entire design period using the pavement structural response (computed using JULEA [NCH 04 ] for flexible pavements) and performance models. The expected amounts of damage are then used to estimate distress over time and traffic through calibrated distress models (determined through national calibration efforts using the Long-Term Pavement Performance [LTPP] database). The trial sections are modified and further iterations are made until a satisfactory design that meets the performance criteria and design reliability is obtained.
It is important to note that the LTPP database used to develop the calibrated distress models did not include test sections from Iowa. Thus, there is a need to recalibrate the models, if required, to use them for pavement design and rehabilitation in Iowa. But, it is beyond the scope of this paper. However, as a first step, a preliminary sensitivity study was undertaken to assess the comparative effect of design input parameters on performance of two existing flexible pavements in Iowa.
Recent studies [MOH 05a, MOH 05b] reported the sensitivities of some of the key input parameters for the permanent deformation model and the asphalt fatigue cracking model in conventional flexible pavement. In these studies, the design input parameters were grouped into three different levels based on the magnitude of input parameters (Low, Medium and High) . The magnitude of the input parameters in question was changed while the other input parameters were set to the "Medium" magnitude level. Even though these studies provided general information on sensitivities of input parameters in the MEPDG, they focused only on conventional three-layer flexible pavement structures (consisting of AC surface, granular base, and subgrade layers). But, majority of the pavements in Iowa Interstate and primary roads are not conventional three-layered flexible pavement structures but they include an asphalt-stabilized base layer between the Asphalt Concrete (AC) surface and the unbound layer. Therefore, sensitivity studies were conducted for two existing flexible pavement systems typically found in Iowa by varying input parameters in ranges representative of Iowa conditions or based on MEPDG software recommended values.
A study was undertaken to obtain a better understanding of the degree to which the MEPDG input parameters pertaining to asphalt concrete, traffic, and climate have an impact on the specific damage models for typical flexible pavements in Iowa. Two existing Iowa flexible pavements (one on US-20 in Buchanan County and another on I-80 in Cedar County) were characterized and analyzed using the MEPDG software. The sensitivities of five MEPDG performance measures were studied by either varying a single input parameter or by varying two input parameters at a time for these pavements. The details and the results of the sensitivity study are discussed in this paper.
The Mechanistic-Empirical Pavement Design Guide: Flexible Pavements
A major limitation of the current American Association of State Highway and Transportation Officials (AASHTO) pavement design procedures is the empirical nature of the thickness decision process derived from the results of a road test conducted almost 45 years ago at a single location in Ottawa, Illinois. However this empirical approach cannot be applied to current pavement systems with increased traffic volumes, different climate conditions, different pavement construction area, etc. In recognition of the limitation of current AASHTO Guide, the AASHTO Joint Task Force on Pavements (JTFP) initiated an effort to develop an improved pavement design procedure based on Mechanistic-Empirical principles. The product of this effort is the newly released Mechanistic-Empirical Pavement Design Guide (MEPDG) based on the National Cooperative Highway Research Program (NCHRP) Study 1-37A [AAS 93].
The major components of the MEPDG are the input system, mechanistic pavement analysis model, transfer functions, and output system which consists of predicted pavement distresses. A new feature in the MEPDG, which is not present in the existing versions of the AASHTO Design Guide, is the hierarchical approach to design inputs. Depending on the desired level of accuracy of input parameter, three levels of input are provided from Level 1 (highest level of accuracy) to level 3 (lowest level of accuracy). Depending on the criticality of the project and the available resources, the designer has the flexibility to choose any one of the input levels for the design as well as use a mix of levels. However, it should be recognized that irrespective of the input design level, the computational algorithm used to predict distress and smoothness remains the same. It is important that a designer has sufficient knowledge of how a particular input parameter will affect the output or pavement distress to decide on a suitable input level [NCH 04] .
The mechanistic pavement analysis model used in MEPDG for flexible pavement is the multilayer elastic program JULEA. In JULEA, the critical stress, strain, displacement due to the traffic and material parameters are generated for the pavement structure selected by the designer. These critical pavement responses (maximum stresses, strains and deflections) are used to calculate the incremental damage accumulations on a monthly basis over the entire design life. The incremental damage accumulations are adjusted through the transfer function coefficients developed through national calibration efforts using the LTPP database to provide the predicted pavement distress in time series as output [NCH 04] .
Although the pavement responses are generated with mechanistic approach, an empirical approach (calibrated transfer function coefficients) is still used to provide the predicted distress measures.
It is suspected that the new MEPDG requires over 100 inputs to model traffic, environmental, materials, and pavement performance to provide estimates of pavement distress over the design life of the pavement [HAL 05]. Many designers may lack specific knowledge of the data required and therefore a sensitivity study which identifies those inputs which have the most effect on desired performance will be very useful. Recently, sensitivity studies were performed to assess the relative sensitivity of the models used in the MEPDG to inputs relating to Portland cement concrete (PCC) materials in the analysis of Jointed Plain Concrete Pavements (JPCP) and the results were reported [HAL 05, GUC 05] . The current sensitivity study described in this paper focuses on typical flexible pavements used in the Interstate and primary highway systems in Iowa.
Objective
The primary objective of this study was to evaluate and identify the input parameters pertaining to material properties, traffic and climate that have significant, moderate or no influence on the MEPDG performance models for flexible pavement systems in Iowa. To achieve this objective, the sensitivities of five MEPDG performance measures were studied by either varying one input parameter or by varying two input parameters per trial in a representative pavement structure using the MEPDG software (version 0.701) which was firs released on July 1, 2004. A total of 20 individual inputs were evaluated. A limited set of runs were also conducted to study the twoway interaction among the input variables (e.g., effect of traffic distribution on performance at varying AC surface thicknesses). The findings of this study may provide pavement designers a better understanding of how different input design parameters influence performance and identify the inputs which have a significant impact on specific pavement distress as well as on the overall performance of the flexible pavement systems.
Pavement Structures
Two existing flexible pavement structures in Iowa, one on US-20 in Buchanan County and one on I-80 in Cedar County, were considered in this study. Although these pavements were overlaid with AC several times after the initial construction, their structures could be represented as thick AC layer pavements such as those currently used on the Interstate highway and primary roads in Iowa. Table 1 lists the summary of information for these existing pavements [IDO 03, FHW 04] . Based on this information, two standard flexible pavement structures, as shown in Figure 1 , were generated for this study. 
Design Input Parameters
The MEPDG design input parameters were divided into two groups -"fixed" input parameters and "varied" input parameters. The fixed input parameters were assigned constant values and were not changed at any time during the sensitivity analyses. Each of the varied input parameters was varied over a typical range of values (varied values) to study its particular effect on performance, while standard or default values were assigned for other input parameters. The magnitude ranges for the varied input parameters were mostly selected to represent typical Iowa conditions. However, the magnitude ranges for some varied input parameters such as thermal conductivity, heat capacity, and material properties of unbound materials were not available for Iowa conditions and therefore the recommendations of MEPDG software were used.
A total of 20 key inputs related to material properties, traffic and climate were selected as varied input parameters for this study. A design life of 20 years was selected and a deterministic analysis (a nominal 50 percent design reliability) was used. It was decided to use a nominal reliability because the reliability approach used in the MEPDG has been questioned regarding its applicability and appropriateness and the assessment of relative sensitivity are not significantly affected between the design reliability levels [HAL 05]. Table 2 summarizes the non-structural input parameters for the two flexible pavement structures used in this study along with their standard values and varied values.
Traffic
Traffic input parameters required in the MEPDG are not only truck traffic volumes but also truck traffic movement information (speed, lateral wander and axle load distribution), and truck traffic load characteristics related to the tire, axle and wheel. This is a much more detailed traffic information requirement than those required by the existing versions of the AASHTO guide. 
Climate
In the MEPDG software, climate input parameters for the pavement design locations can be generated by choosing climate data from a specific weather station or by interpolating the climate data from the surrounding locations. Two new climate data files, one for Buchanan County and one for Cedar County, were generated to determine the standard input values for conducting the analysis. To investigate the effect of climate on performance, Burlington in southern Iowa (relatively warm) and Estherville in northern Iowa (relatively cold) were chosen as varied input values.
Material properties
The pavement materials considered in this study were divided into three major groups -AC, unbound granular aggregates, and subgrade soils. Most properties of AC required in the MEPDG were investigated in this study. The typical ranges of AC properties found in Iowa could be obtained from the Job Mix Formula (JMF) and the Daily Plant Report (DPR) used for AC paving construction in Iowa.
The MEPDG software requires volumetric properties such as air voids (Va), effective binder contents (Vbe) and voids in mineral aggregate (VMA) as initial as-constructed properties and not based on mix design. Thus, the volumetric properties used in sensitivity runs were higher compared to those based on mix design. As mentioned previously, the ranges of some AC properties such as thermal conductivity and heat capacity used in the sensitivity runs were based on the recommendations of MEPDG software. For the unbound and subgrade materials, strength based properties were investigated using the Enhanced Integrated Climate Model (EICM) input analysis which was built into the MEPDG software [NCH 04]. The standard values used for the material properties reflected the actual field pavement properties in Buchanan and Cedar counties. The material input parameters along with their standard and varied values used in this study are summarized in Table 3 .
Sensitivity Results
The MEPDG software runs for this study provided numerous charts and tables as outputs. Due to space constraints, it is difficult to present a full discussion of all the investigated input parameters in this paper. For this reason, a summary of the results of MEPDG software runs is presented.
The sensitivities of five MEPDG performance measures were investigated by varying one input parameter per trial run. The five performance models for flexible pavements in the MEPDG are: (1) longitudinal cracking, (2) fatigue cracking, (3) transverse cracking, (4) alligator cracking, (5) rutting (total and AC), and (5) IRI. The next step is to objectively quantify the effect of each investigated input parameter on performance. However, this is a very difficult task since currently there is no common yardstick or established criteria to compare the sensitivity of different performance measures to inputs based on objective quantitative measures. Therefore, at this point, it may only be possible to make qualitative inferences related to the significance of differences in predicted damage resulting from changing a given input variable based on subjective, visual inspection of the sensitivity plots. However, with appropriate caution, such an analysis can still provide valuable information from a practical standpoint. For example, in a recently conducted sensitivity study [HAL 05 ], the sensitivity of design input variables for rigid pavement analysis were estimated using the MEPDG based on visual inspection of the sensitivity graphs. But, by noting the difference between curves representing different values of the variable being analyzed and by noting the relative scale of the Y-axis (the damage axis), care was taken to ensure that apparent differences in damage estimates due to the variable in question are indeed significant from a practical viewpoint. A similar approach was used in this study with caution.
Each evaluated input parameter was categorized into one of the three groups depending on the effect it had on the predicted performance: very sensitive (significant effect), sensitive (moderate effect), and insensitive (minor or no effect). A similar approach is recommended in the MEPDG for sensitivity analysis with regard to local calibration [NCH 04] . Also, the trend (increasing or decreasing) in each predicted performance measure with respect to changes in input parameters was examined. This was done because a designer may want to know, for example, whether an increase in subgrade modulus leads to increase or decrease in longitudinal cracking in addition to the knowledge that longitudinal cracking is sensitive to changes in subgrade modulus.
Sensitivity plots for different performance measures are illustrated in Figures 2 to 6, with examples of inputs at different degrees of sensitivity for each performance measure. The plotted data correspond to predicted performance measures accumulated over a 20-year design period. It is noted that subjective criteria, based on engineering judgment and past experience, were used in determining the degree of sensitivity of each evaluated input parameter with respect to a specific performance measure. Several factors such as the recommended distress criteria, rate of change in output with changes in input, relative scale of the vertical axis (the damage, pavement distress axis) as well as the horizontal axis (the input variable axis) were taken into account in determining the qualitative effect of each evaluated input parameter on performance. Also, the sensitivity plots obtained during this analysis easily lent themselves to classification under one of the three sensitivity levels. 
. Effect of input parameters on IRI: examples for different levels of sensitivity
A total of 20 input parameters were investigated in this study. An overall summary of the sensitivity analysis results are presented in Table 4 . In general, the sensitivity of design input listed in each cell of the Table applies to both the pavement structures considered in this study. There were some differences in results between the two pavement structures, which are discussed later. Also, as mentioned previously, along with the level of sensitivity, the trend in distress magnitude (increasing or decreasing) with respect to increase in input magnitude between two trials is also included in the result through the use of upward (↑ or ↑↑) and downward (↓ or ↓↓) arrows. This information would be helpful in assessing the validity of distress trends predicted by the MEPDG distress models.
Most of the investigated input parameters were found to be sensitive to longitudinal cracking while most were listed as insensitive for alligator cracking. Out of the 20 input parameters, 18 were listed as sensitive for longitudinal cracking while only 6 inputs were listed as sensitive for alligator cracking. Considering that typical flexible pavement structures used in Iowa have relatively thick AC layers similar to the ones considered in this study, a pavement designer in Iowa may need to be more concerned about longitudinal cracking rather than alligator cracking.
Out of 20, six input parameters related to AC material properties and climate were listed as sensitive for transverse cracking (see Table  4 ). This is as expected and is consistent with the results obtained from the sensitivity analysis of the thermal cracking model, as reported in Appendix HH of the MEPDG [NCH 04].
Total rutting in the pavement was found to be sensitive to 17 of the 20 input parameters. Almost all the 15 input variables were listed as sensitive for AC surface layer rutting while most of them were listed as insensitive for permanent deformation in the AC base, unbound subbase and subgrade layers. This may be due to the relatively thick AC layers considered in this study.
Only 4 out of 20 input parameters were listed as sensitive for IRI. This may be due to the nature of the IRI model included in the MEPDG, which is based on the accumulation of IRI due to four factors: initial IRI, IRI due to distress, frost heave and subgrade swelling [NCH 04] . Among the distresses, rut depth standard deviation, transverse cracking and fatigue cracking were the most significant distresses that influenced smoothness and were therefore included in the IRI model.
A limited study was also conducted to investigate the two-way interaction among input variables in terms of their combined effect on performance. The following input variables, with respect to their effect on performance, were studied at two levels of AC surface thickness (low and high): traffic distribution, tire pressure, NMAS, PG binder grade, AC thermal conductivity and AC heat capacity. The AC surface thicknesses ranged from a "low" value of 76 mm (standard value) to a "high" value of 203 mm. The results of sensitivity analysis focusing on studying the twoway interaction are summarized in Table 5 . A few examples of sensitivity plots illustrating the effect of input variables on performance at different AC thicknesses are presented in Figure 7 . Among the 6 cases considered, 4 input parameters were found to "interact" with AC surface thickness for longitudinal cracking while most input parameters were non-interactive for other performance measures. An input variable is considered to "interact" with AC surface thickness in terms of its effect on performance, if either the output trend or the degree of sensitivity changes with AC surface thickness. For example, in Figure 7 (top), the effect of bumping the PG binder grade results in a significant decrease in longitudinal cracking at lower AC layer surface thickness (76 mm) compared to higher AC surface thickness (203 mm). These results indicate that a pavement designer using the MEPDG software for flexible pavement design should recognize the interactive effects among input parameters to obtain the predicted performance measures for satisfying the design criteria.
Individual Tables were also prepared listing the input variables by degree of sensitivity for each performance model, and highlighting those variables which the designer can control directly and those which the designer may not change, but must know. Table 6 presents examples for alligator cracking and total rutting.
The differences in distress trends between the two flexible pavements considered in this study were also investigated. The detailed results are not presented due to space limitations but are summarized in Table 4 . In general, very similar results were obtained for both pavement structures. Seven of 20 input parameters showed differences in degrees of sensitivity for predicted longitudinal cracking and five input parameter out of 20 showed differences for predicted alligator cracking. Three of 20 input parameters showed differences in degrees of sensitivity for predicted transverse cracking while seven input parameter out of 20 showed differences for predicted total rutting. This is expected since both the pavement structures are quite similar. The noted differences may be due to the differences in AADTT and the component materials in pavement structures in the two investigated flexible pavements. 
Discussion on reasonableness of results
Based on the results of this sensitivity study, the reasonableness of results obtained for each performance measure is discussed as follows: -Longitudinal cracking: The version of the MEPDG software used in this study employs a longitudinal cracking model based on fatigue damage approaching the surface and there have been ongoing efforts to improve this module. In this study, the predicted longitudinal cracking was found to be influenced by most input parameters and was found to increase by increasing the thickness. However, considering the concerns expressed by researchers about the validity of the longitudinal cracking model employed in this version of the MEPDG software, it is quite difficult to conclude if the trends predicted in this study reflect the actual longitudinal cracking behaviour.
-Alligator cracking: The results indicated that alligator cracking may not be a critical distress in flexible pavement structures with the relatively thick AC layers considered in this study. This is quite reasonable since the alligator cracking (bottom up cracking) is much less likely to happen in thicker AC pavements found in Iowa Interstate and primary roads and this has also been corroborated by experience.
-Transverse cracking (Thermal cracking): As expected, the predicted transverse cracking was especially sensitive to the input parameters related to climate and material properties. However, the predicted trends of transverse cracking resulting from these sensitive parameters did not clearly show consistent trends.
-Rutting: Although the pavement rutting showed sensitivity to many input parameters, as one would expect, it was not expected that rutting will remain insensitive to AC surface layer thickness for US-20 in Buchanan County as shown by the sensitivity analysis results. This might be related to the lower AADTT for US-20 in Buchanan County and the flexible pavement structures considered in this study which have unusually thicker AC stabilized base layers: 330 mm for US-20 in Buchanan County; and 406 mm for I-80 in Cedar County. Thus, rutting showed more sensitivity to AC base thickness compared to AC surface thickness for the two flexible pavements considered in this study.
-IRI: The IRI was very sensitive to those input parameters which showed significant sensitivity for alligator cracking and transverse cracking. However, as seen in Figure 6 , it is difficult to observe consistent trends with respect to variations in these input parameters. This may be due to the nature of IRI model (included in the MEPDG software) which is a function of initial IRI, IRI due to different distresses, frost-heave and subgrade swelling.
Conclusions and Recommendations
The relative sensitivity of the Mechanistic-Empirical Pavement Design Guide (MEPDG) input parameters related to properties of Asphalt Concrete (AC), traffic, and climate were investigated in two existing Iowa flexible pavement structures. A total of 20 input parameters were evaluated and their magnitudes were varied within ranges representative of Iowa conditions to study their impact on the MEPDG flexible pavement performance models. Based on the results of this sensitivity study, most input parameters were found to have influence on longitudinal cracking, while alligator cracking was sensitive to AC base thickness, AC surface thickness, type of base (Mr), AC volumetric properties (Va and VMA), AADTT and type of subgrade (Mr). For transverse cracking, the PG binder grade, AC mix volumetric properties, AC unit weight, AC thermal conductivity, AC heat capacity and climate were the critical input parameters. Total rutting was sensitive to PG binder grade, AC volumetric properties, AC Poisson's ratio, AC heat capacity, AC unit weight, AC thermal conductivity, Nominal Maximum Aggregate Size (NMAS), AADTT, tire pressure, traffic distribution, traffic speed, traffic wander, climate (MAAT), AC surface thickness, AC base thickness, base Mr and subgrade Mr.
Even though the predicted longitudinal cracking was influenced by most input parameters in this study, this conclusion must be accepted with caution since there was very little validation of the longitudinal cracking model used in the MEPDG software and there have been ongoing efforts to improve this module. Except the predicted longitudinal cracking, the results of this study indicated that the predicted performance measures are reasonably sensitive to input parameters known to influence actual distress. However, it is quite difficult to find consistent trends with variations in input parameters for some performance measures such as transverse cracking and IRI.
Although this preliminary sensitivity study, which was conducted by using the first release of the MEPDG software (version 0.701), provided some valuable information, there are still remaining research
